Tau is an intrinsically unstructured microtubule (MT)-associated protein capable of binding to and organizing MTs into evenly spaced parallel assemblies known as ''MT bundles.'' How tau achieves MT bundling is enigmatic because each tau molecule possesses only one MT-binding region. To dissect this complex behavior, we have used a surface forces apparatus to measure the interaction forces of the six CNS tau isoforms when bound to mica substrates in vitro. Two types of measurements were performed for each isoform: symmetric configuration experiments measured the interactions between two tau-coated mica surfaces, whereas ''asymmetric'' experiments examined tau-coated surfaces interacting with a smooth bare mica surface. Depending on the configuration (of which there were 12), the forces were weakly adhesive, strongly adhesive, or purely repulsive. The equilibrium spacing was determined mainly by the length of the tau projection domain, in contrast to the adhesion force/energy, which was determined by the number of repeats in the MT-binding region. Taken together, the data are incompatible with tau acting as a monomer; rather, they indicate that two tau molecules associate in an antiparallel configuration held together by an electrostatic ''zipper'' of complementary salt bridges composed of the N-terminal and central regions of each tau monomer, with the C-terminal MT-binding regions extending outward from each end of the dimeric backbone. This tau dimer determines the length and strength of the linker holding two MTs together and could be the fundamental structural unit of tau, underlying both its normal and pathological action.
T he neural microtubule (MT)-associated protein (MAP) tau is essential for the proper development and maintenance of the nervous system. Among other functions, tau promotes the assembly of MTs into well organized, evenly spaced bundles in neuronal axons (1) (2) (3) (4) (5) (6) and regulates the growing and shortening dynamics of individual MTs (7) (8) (9) (10) (11) . Tau dysfunction has long been correlated with many neurodegenerative diseases, including Alzheimer's and related dementias. In the past decade, mutational analyses have demonstrated a direct cause-and-effect relationship between tau dysfunction and/or misregulation and the dramatic neuronal cell death underlying many of these dementias [for example, FTDP-17 (12) (13) (14) ]. Some mutations cause amino acid substitutions in tau, whereas others are regulatory, causing aberrant patterns of tau RNA splicing without affecting the tau amino acid sequence.
As a result of alternative RNA splicing, there are six naturally occurring isoforms of tau expressed in the CNS (Fig. 1) . Based on sequence analysis and structure-function dissection (5, 8, 9, (15) (16) (17) (18) , tau can be viewed as possessing four distinct regions. The C-terminal tail contains both basic and acidic subregions and serves to indirectly regulate tau binding to MTs, at least in part via regulated phosphorylation. On the N-terminal side of this tail is the MT-binding region, which is composed of either three or four imperfect repeats (18 aa in length) separated from one another by interrepeats (13-14 aa in length). The repeat/ interrepeat region is positively charged, which is widely believed to facilitate electrostatic interactions between tau and the negatively charged MT surface (19) (20) (21) . The presence or absence of the interrepeat between repeats 1 and 2 and the second repeat distinguishes three-repeat tau (3R) from four-repeat tau (4R) (22) . On the N-terminal side of the MT-binding region resides a very positively charged proline-rich region that harbors many sites of phosphorylation and serves to indirectly regulate the Author contributions: K.J.R., J.L.R., H.E.F., S.C.F., and J.I. designed research; K.J.R. and J.I. performed research; J.L.R., H.E.F., and S.C.F. contributed new reagents/analytic tools; K.J.R., J.L.R., H.E.F., S.C.F., and J.I. analyzed data; and K.J.R., J.L.R., H.E.F., S.C.F., and J.I. wrote the paper.
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ability of the MT-binding region to associate with MTs (5, 8, 9) . Finally, the N-terminal region of the protein is negatively charged and contains zero, one, or two negatively charged inserts (29 aa each), again determined by alternative RNA splicing. Together, the N terminus and the proline-rich region constitute the ''projection domain,'' which is believed to extend outward from the MT surface and to determine the inter-MT distance in MT bundles (2) .
Tau isoform expression patterns are tightly regulated. Fetal human brain expresses only 3R tau, whereas adult brain expresses approximately equal amounts of 3R and 4R tau (22) (23) (24) . Regulatory mutations that alter the adult brain tau isoform expression profile to Ϸ75% 4R tau and Ϸ25% 3R tau (without changing the amino acid sequence) cause extensive neuronal cell death and dementia in diseases such as FTDP-17 (12, 14) . That altered expression ratios of otherwise normal tau proteins lead to such dramatic consequences demonstrates that functional differences must exist between 3R and 4R tau. Indeed, 4R tau binds to MTs with a greater affinity than 3R tau by a factor of approximately three (6, 17, 25) , and it is a more potent regulator of MT dynamics than is 3R tau (8, 10, 11, 26) . Qualitative differences between 4R tau and 3R tau have also been described (11, 18) . In contrast, relatively little is known about the effects of the N-terminal end insertions. The N-terminal region is known to mediate tau's association with the plasma membrane (27) and to influence MT nucleation (5) . Additional work also suggests that the N-terminal inserts may affect the efficacy of tau as a substrate for some kinases (28) .
Tau has long been viewed as an ''unstructured'' protein because it lacks significant secondary structure (29) (30) (31) (32) (33) , at least when not associated with MTs. This property is especially important in trying to understand the structural basis of tau function because previous studies have suggested that the unstructured ''projection domain'' may be a key element in determining the spacing of MTs in tau-induced MT bundles (2, 34) . More specifically, although the molecular basis of its action is unclear, tau can organize MTs into parallel and uniformly spaced assemblies known as MT bundles in axons, despite the fact that each tau molecule possesses only one MT-binding region. In this regard, Hoh and coworkers (35, 36) suggested that tau and other MT-associated proteins may form a brush-like layer on the outer surface of MTs and arrange the MT network entirely via steric hindrance within a defined volume arising from tau's projection domain, similar to the entropic repulsion from a ''polymer brush.'' Mandelkow and colleagues (37) proposed a model of tau as a flexible or compressible spacer that acts to keep MTs from forming a closely packed array, based on x-ray scattering data. Others have speculated that tau and other MAPs can form cross-bridges either through attractive protein-protein interactions or through direct bridging of tau to a neighboring MT (2, 38, 39) .
To gain a better understanding of the tau structure-function relationship, we used a surface forces apparatus (SFA) to determine the force profile for each of the six tau isoforms physisorbed through self-assembly from solution to negatively charged mica surfaces. Mica has a charge density similar to that of the outer surface of a MT (Ϸ1 e Ϫ /nm 2 ) (40, 41) and therefore may approximate the electrostatic nature of MT surfaces. In some experiments, two tau-coated mica surfaces were brought into contact to approximate the interactions between two taucoated MTs (''symmetric'' experimental configuration). In other experiments, one tau-coated and one bare mica surface were brought together to approximate the interactions between a tau-coated MT and an ''undecorated'' MT (''asymmetric'' experimental configuration). All six tau isoforms were studied to define the interaction properties of each and thereby determine which parts of the protein participate in various aspects of tau function. Taken together with the biological capabilities of tau, the data suggest a model in which tau forms antiparallel dimers, held together by an electrostatic zipper consisting of multiple complementary binding sites or salt bridges.
Results
Force-Distance Profiles. By using the SFA, the normal force F can be measured as a function of the closest distance D between the cylindrically curved mica substrates each of radius R [see supporting information (SI) Text for details]. By using the Derjaguin approximation (41) , one can show that for the crossed-cylinder geometry used in the SFA, the measured force vs. distance F(D) between two cylindrically curved surfaces is related to the interaction energy per unit area E(D) between two flat surfaces by F(D)/R ϭ 2E(D). Thus, normalized force plots of F/R vs. D reflect the interaction energy between two planar surfaces mediated by tau. We performed both symmetric and asymmetric SFA experiments for all six tau isoforms, i.e., 12 different configurations in all.
Data for the shortest tau isoform, possessing three repeats and zero projection-domain inserts and denoted 3R0N, is shown in Fig. 2 . The other five isoforms displayed qualitatively similar force curves (see Figs. S1-S6), and a graphical summary of the quantitative differences is presented in Fig. 3 . These interactions and their differences will now be described.
For the 3R0N isoform in the symmetric configuration ( Fig.  2 A) , no force was detected at large distances (D Ͼ 60 nm, black squares). As the surfaces were brought together, a weak repulsion at approximately D ϭ 55 nm was followed by a weak attraction as the surfaces spontaneously ''jumped in'' from D J ϭ 49 Ϯ 1 nm to D Ϸ 35 nm. Further compression revealed a steep repulsion (In curve). On retracting the surfaces (Out curve) the surfaces jump out from D eq ϭ 38 Ϯ 2 nm.
The force profile for 3R0N tau in the asymmetric configuration is shown Fig. 2B . A number of similarities and differences between the two systems are immediately apparent. First, no repulsive force is detected upon approach in the asymmetric configuration. Quite remarkably, however, the surfaces in the asymmetric configuration jump in at exactly the same separation distance, D J ϭ 49 Ϯ 2 nm, as in the symmetric configuration. Upon further compression, the minimum separation in the asymmetric experiment (D Ϸ 10 nm) is approximately half that in the symmetric case (D Ϸ 20 nm), as expected, and the equilibrium separation at D eq ϭ 26 Ϯ 2 nm is less than for the corresponding symmetric configuration. Interestingly, the adhesion energy measured in the asymmetric configuration (E eq ϭ F ad /2R ϭ 1.2 Ϯ 0.6 mJ/m 2 ) is well over an order of magnitude larger than in the symmetric configuration (E eq ϭ 0.04 Ϯ 0.02 mJ/m 2 ).
The jump-in distances D J , the equilibrium separation distances D eq , and the adhesion or binding energies E eq for the six tau isoforms in both the symmetric and asymmetric configurations are plotted graphically in Fig. 3 . Fig. 3A shows that for any given isoform, the range of the interaction D J is the same regardless of whether the configuration is symmetric or asymmetric. However, although D J is not affected by the number of C-terminal imperfect repeats, it increases as a function of increasing number of N-terminal projection-domain inserts. With respect to the equilibrium separation distances, Fig. 3B shows that for any given isoform, D eq is always larger in the symmetric than the asymmetric case. Additionally, increasing the number of projection domain inserts often increases D eq , but adding a fourth repeat generally decreases D eq . The most dramatic observation is with respect to adhesion energies (Fig.  3C) showing that (i) for all isoforms, they are always at least an order of magnitude greater in the asymmetric configuration, and (ii) in the asymmetric case, E eq is higher for isoforms with four repeats than for those with three, whereas the number of projection-domain inserts has no significant effect on the values of E eq . The apparently anomalous minimum in the adhesion of the symmetric 4R1N isoform seemingly poses a challenge.
However, we note that the 1N isoforms in the projection domains have the highest negative charge density (Fig. 1B) , which would act to reduce their overall adhesion (due to van der Waals, H-bonding and/or hydrophobic interactions) more than in the case of the 0N and 2N domains. Within the error of our measurements (Fig. 3C) , it is also possible that the 3R isoforms show the same behavior although the subtle discrepancies in their adhesions were too small to measure accurately enough to establish this unambiguously.
Adsorbed Mass Measurements. Measurements of the surfaceadsorbed density of tau provided further insights into the nature of the self-assembled layers of tau. The average adsorbed mass density for each of the six isoforms was calculated by using a refractive index method used in conjunction with the interferometric analysis of the SFA (see Materials and Methods and SI Text). If a monolayer of tau is assumed to be present on each mica surface, then on average, each tau protein occupies an area of Ϸ8 nm 2 , or Ͻ3 nm between neighboring tau molecules. Because the expected radius of gyration R g of tau is Ϸ6 nm (42), this spacing is too small to accommodate a tau monolayer. Instead, this high density of tau points to the presence of dimers (and possibly higher-order oligomers) on the surfaces.
Discussion
Dimerization of Tau Provides a Simple Explanation for the SFA Results, a Molecular Mechanism for Tau-Mediated MT Bundling, and Perspectives on Pathological Tau Action. Our initial expectation was that the positively charged proline-rich and repeat/interepeat regions of tau would adhere well to the negatively charged mica surface, with the negatively charged N terminus of tau extending outward. We also anticipated that the only forces that would be observed as this negatively charged N-terminal region of tau approached either (i) a non-tau-treated, negatively charged mica surface in the asymmetric experimental configuration or (ii) negatively charged tau tails projecting outward from the other mica surface in the symmetric experimental configuration would be repulsive. It was therefore surprising to observe a strongly attractive interaction in both the symmetric and asymmetric experimental configurations. Taken together with the adsorbed mass data, the simplest interpretation suggests that the tau structures in the experiment possess two mica-binding sites, separated from one another by a maximum of 50 nm (the D J for 3R0N and 4R0N). Given the charge distribution of individual tau molecules (Fig. 1) , we propose that tau forms stable dimers in solution, held together by a complementary electrostatic zipper between the positively charged proline domain of each constituent monomer and the negatively charged N-terminal tail of its partner molecule (Fig. 4) . Because these dimers form before adsorption on mica, the positively charged proline-rich region contained in this zipper is already complexed in the dimer and is thus unable to bind to mica. This proposed zipper is in many ways similar to the zipper structure underlying homophilic N-cadherin dimerization (43) (44) (45) , which promotes cell-cell adhesion. The ''bivalent'' tau structure thus possesses a dimerized central core with a positively charged C-terminal MT-binding region extending from each of its ends. Tau dimers/oligomers have been described previously (46-51), focusing primarily on intermolecular dimerization mediated by disulfide bonds: 3R tau has a single cysteine residue, whereas 4R tau has two cysteines. Most of this earlier work also focuses on dimerization as a possible nucleation mechanism for pathological tau aggregation. However, it is very unlikely that disulfide bonds could form in the reducing environment present in normal neuronal axoplasm. Additionally, we believe that disulfide bond-mediated dimerization is very unlikely in this system. First, because 4R tau possesses two cysteines (one in repeat 2 and the other in repeat 3), intra-rather than intermolecular bonding would be most likely. In this case, tau would be frozen in a monomeric state, and the observed attractive force would not exist. Second, in the event that intermolecular disulfide bonds did form with either 3R or 4R tau, this would link the two molecules within their positively charged repeat-interrepeat regions, which would adhere to the mica surface), leaving two negatively charged N-terminal tails extending outward from the mica. Again, this structure would exhibit only repulsion and not attraction.
This again raises the question of how tau, possessing only one MT-binding region per molecule, could lead to the uniform spacing of MTs observed in axonal MT bundles. Consistent with the notion of tau dimers, quick-freeze, deep-etch electron microscopy has revealed tau cross-bridges making contact between adjacent MTs in bundles (2) . Additionally, biochemical data have been presented demonstrating disulfide-independent tau dimerization and higher-order oligomerization (50), although molecular mechanisms were not suggested. If correct, the proposed electrostatic tau zipper model provides a simple mechanism to account for these observations and the phenomena of MT bundling (Fig. 5 A and B) . The lengths of observed crossbridges in tau containing cells is typically in the range of 20-27 nm (2). Quantitative application of our force data to MTs requires knowledge of the radius of the MTs, the density of tau on the MT surface, and whether all of the taus bind radially out as illustrated in Fig. 5B or also at non-90°angles to the MT surfaces. In the latter case the (smaller) D values at F ϭ 0 rather than at F ad should be compared with the electron micrograph values. Taking the full range of possible D values from the force-distance data in the symmetrical configurations shown in Fig. 2, Figs . S1-S3, and Fig. S5 , we obtain 23-38 nm, which overlaps the observed range of 20-27 nm.
A charge-distribution analysis of the N-terminal region of MAP2 (which is much longer than the N-terminal region of tau) suggests that it might also be able to dimerize, consistent with greater inter-MT distance in MAP2-promoted MT bundles.
Finally, the location of the zipper coincides with the neurotoxic 17-kDa proteolytic fragment of tau generated after A␤ treatment of hippocampal cells (52) . We propose that the 17-kDa fragment exerts its toxicity by acting as a competitive inhibitor of tau dimerization, which we propose could be essential for tau function. Indeed, tau fragments containing the MT-binding region but lacking the N terminus have severely compromised functional capabilities (9, 11) . Additionally, many tau phosphorylation sites reside within the zipper region, and these could affect normal and pathological tau action by altering the complementarity of the electrostatic interactions underlying tau dimerization.
Tau Structure and Function
Tau-Mica Bridging Distance Depends on the Projection Domain Length. The jump-in distance D J is the same in the symmetric and asymmetric experiments for each of the six tau isoforms (Fig. 3A) . For the asymmetric configuration, the simplest interpretation of these observations is that this is the distance at which tau dimers from one mica surface first make contact with the second mica surface. For the symmetric configuration, the simplest interpretation of these observations is that as tau dimers approach one another, they interdigitate, eventually making contact with both mica surfaces. Thus, D J can be thought of as corresponding to the height of the tau dimers on a mica surface. We also observe that D J depends on the number of N-terminal insertions within the projection domain but has no dependence on the number of C-terminal repeats (Fig. 4A ). This observation is consistent with the current picture of tau structure-function in which the C-terminal region binds directly to MTs (53, 54) , whereas the N-terminal projection domain extends away from the MT surface.
Equilibrium Separation Distances Deq Depend on the ProjectionDomain Length. In Fig. 3B , the equilibrium separation distance is plotted for each tau isoform. The data indicate that D eq is larger in the symmetric configuration than in the asymmetric one. This difference is likely because of the presence of an additional steric repulsion due to tau-tau interactions (discussed below in Analysis of Force Curves). This would cause a shift of D eq to larger distances while also reducing the E eq , which was also observed. Additionally, the data reveal that D eq generally increases with the number of N-terminal inserts (with the exception of 3R tau in the asymmetric configuration), consistent with their presence in the projection domain.
Adhesion Energy Depends on Mica Availability and the Number of MT-Binding Repeats. The asymmetric experiments consistently show increased adhesion energy over the symmetric experiments by at least an order of magnitude (Fig. 3A) . This is not surprising because the available binding area is much larger for a bare mica surface compared with a surface that has a layer of adsorbed tau dimers on it. In the symmetric configuration, it may well be that only a small fraction of the tau dimers originally adhering to one surface are actually successful at reaching the other mica surface. In addition, the presence of the negatively charged N-terminal inserts plays no significant role in binding of tau to mica. Finally, the 4R isoforms adhere approximately five times greater than the 3R isoforms in the asymmetric configuration, consistent with the well established fact that 4R tau binds to MTs with Ϸ3-fold greater affinity than does 3R tau (6, 8, 25) .
Analysis of Force Curves. Comparing the force profiles of the six different isoforms in both the symmetric and asymmetric configurations allows us to determine the different force contributions to the overall interaction. As illustrated in Fig. 6 , a combination of repulsive steric, attractive and repulsive electrostatic, and attractive tau-mica bridging interactions together give rise to the net (measured) force profile. For example, in the symmetric case (Fig. 6A) , the short-range steric interaction begins at a distance that is twice that of the asymmetric case, as expected because of the second tau surface. Meanwhile, the attractive tau-mica bridging interaction, which is responsible for the observed jump in, occurs at the same tau layer height for both the symmetric and asymmetric cases. Additionally, the symmetric configuration is expected to have an additional long-range repulsive interaction because of the electrostatic or steric contribution arising from the overlap between the tau layers at distances slightly larger than D J . This repulsion would not only be absent in the asymmetric case, but a slightly attractive electrostatic force might be expected as the negatively charged mica surface approaches the positively charged tau-covered mica surface. When the curves of these individual forces are combined, the resultant interaction curves (i.e., repulsive steric tau-tau interaction and attractive electrostatic tau-mica interaction), when combined, reproduce many of the significant observations of the forces curves (compare Fig. 6 with Fig. 3 ). In particular, this explains why the force curve starts further away in the symmetric case and why D J is the same for both configurations. Also, the schematic drawings of the two surfaces explain why the hysteresis, or difference between receding and approaching force curves, is much larger for the asymmetric configuration. Unlike in the symmetric case, not only is there no barrier to reaching the opposite mica, but the sheer availability of binding sites on the mica is much greater in the asymmetric configuration, which allows for considerably greater adhesion between tau and the opposing mica surface.
Materials and Methods
SFA Measurements. A SFA III was used to measure the interaction forces (41) . Briefly, two molecularly smooth mica surfaces (2-to 4-m thick) were glued onto hemicylindrical (radius R Ϸ1 cm) silica substrates. The backside of each mica piece had a semireflecting silver coating to allow for multiple reflections of the light beam. The surfaces were arranged with their cylindrical axes perpendicular to each other. The force was measured by determining the deflection ⌬D of the spring supporting the lower surface (F ϭ Ϫk⌬D, spring constant ϭ k) with a resolution of Ϯ 1 Å in distance from the ''fringes of equal chromatic order'' (FECO) pattern generated by using multiple-beam interferometry. To normalize the force F between positions with different local radii R, the force was divided by the local radius R at each position. All distances D are relative to the two mica surfaces in molecular contact (D ϭ 0). Forces with a positive sign are repulsive, and forces with a negative sign are attractive.
Recombinant tau was purified as described in ref. 11 . Tau concentrations were determined by SDS/PAGE comparison with a 3R tau mass standard (10) . Each purified tau sample was diluted to 0.2 mg/ml in 1 mM K-Pipes [1 mM Pipes, 2.7 mM KOH (pH ϭ 6.8)]. The low ionic strength was used to ensure strong electrostatic binding between tau and mica. Before use, tau was briefly warmed to 90°C and centrifuged at top speed in a microfuge for 15 min. To prepare a tau-coated mica surface, 10 l of the tau solution was placed on the surface for 10 minutes. Next, the surface was gently rinsed with Ͼ5 ml of 1 mM K-Pipes to wash off weakly and nonadsorbing tau. The surfaces were returned into the SFA, ensuring that a liquid lens of buffer remained on top of the tau-coated mica surface at all times. Once secure, the SFA was completely filled (total volume Ϸ80 ml) with buffer. Finally, the SFA was allowed to thermally equilibrate (T ϭ 25.0 Ϯ 0.1°C) before measurements were taken. Additional SFA information is available in SI Text.
